Abstract Cryptococcus species are fungal pathogens that are a leading cause of mortality. Initial inoculation is through the pulmonary route and, if disseminated, results in severe invasive infection including meningoencephalitis. Macrophages are the dominant phagocytic cell that interacts with Cryptococcus. Emerging theories suggest that Cryptococcus microevolution in macrophages is linked to survival and virulence within the host. In addition, Cryptococcus elaborates virulence factors as well as usurps host machinery to establish macrophage activation states that are permissive to intracellular survival and replication. In this review, we provide an update of the recent findings pertaining to macrophage interaction with Cryptococcus and focus on new avenues for biomedical research.
Introduction
Cryptococcus species are human yeast pathogens that contribute significantly to mortality among the global immunocompromised population [1, 2] . Worldwide, the majority of these patients suffer from acquired immunodeficiency syndrome (AIDS) due to the human immunodeficiency virus (HIV), highlighting the critical nature of adaptive immunity to invasive cryptococcal infection. In addition, we care for a growing immunocompromised population comprising solid and hematopoietic stem cell transplantation recipients in whom immunocompromise is directly related to the use of immunomodulatory agents necessary to prevent graft rejection and failure. Moreover, biologic agents are gaining acceptance for the first-line treatment of even the most common of autoimmune and rheumatologic diseases. Collectively, AIDS and the increased use of immunomodulatory agents has made encountering serious, life-threatening cryptococcal infections a front-line possibility regardless of the global location or socioeconomic status of our patient populations.
Cryptococcosis is most often caused by the pathogenic species Cryptococcus neoformans and C. gatti. Cryptococcus neoformans has a ubiquitous, worldwide distribution, whereas C. gatti is typically limited to tropical and subtropical locations, with the exception of an outbreak in the northwest region of the US and Canada [3] [4] [5] [6] . Cryptococcus neoformans typically infects immunocompromised patients, whereas C. gatti appears to be hypervirulent infecting seemingly immunocompetent individuals [7] . Cryptococcus neoformans has been isolated from soil and bird guano with high concentrations in urban settings. Inhalation of Cryptococcus basidiospores or desiccated yeast cells results in pulmonary infection [8, 9] . The initial interaction with the host innate immune system typically results in fungal clearance and elimination, whereas in the setting of the immunocompromised individual, there is an increased probability of failure of pathogen control that may lead to dissemination of infection resulting in pneumonia, fungemia, or meningitis. Despite the isolation of Cryptococcus species from nearly every organ, meningoencephalitis is the most common clinical manifestation of invasive cryptococcal disease and underscores the neurotropism of Cryptococcus species [2] .
Host immunity to C. neoformans requires a multifactorial, well-coordinated innate and adaptive response [10] . The prevalence of disease in patients with AIDS highlights the critical nature of CD4+ T cells. CD4+ T cells are protective, and when profiled populations secreting IFN-γ and IL-4 are noted in response to Cryptococcus that represent Th-1 and Th-2 type CD4+ T cells, respectively. Th-1 type responses provide better protection, and depletion of Th-2 type CD4+ T cells will accentuate a Th-1 response [11] [12] [13] . Nonetheless, despite a dominant Th-1 response, mice are not fully protected, hinting at another adaptive immune element. Early in the last decade, a new T cell subset was described that is primed by IL-23 and produces high levels of IL-17, now termed Th-17 CD4+ T cells (for review see Hernández-Santos and Gaffen [14] ). IL-17 deficient mice are highly susceptible to fungal infection and both Th-1 and Th-17 CD4+ T cells are critical for antifungal immunity [14] [15] [16] [17] [18] [19] . In addition, complement, antibody and NK cells play a critical role in anticryptococcal immunity [20] [21] [22] . Naturally, not all host immune responses are similar, and the impact of host genetic diversity including polymorphisms involved in antibody responses as well as receptor-mediated recognition of fungi is growing and requires further clarification [23] [24] [25] [26] .
While adaptive responses result in long-lasting immunity, innate immune cells play a central role in eliminating the majority of encountered Cryptococci, and trigger adaptive immunity through antigen presentation. Macrophages carry the lion's share of duty for cryptococcal elimination from the host. Macrophages are highly phagocytic innate cells that are derived from bone marrow and are found in all tissue types and organs, and act as front-line immune surveyors.
This review emphasizes emerging evidence of the importance of tissue macrophages in cryptococcal recognition, phagocytosis, and growth control. A deeper understanding of the molecular mechanisms involved in early recognition of cryptococcal species and subsequent intracellular control is a critical step towards development of anticryptococcal vaccine and rational immune therapies.
Cryptococcal Capsular Molecules
Cryptococcus species uniquely possess a large, thick polysaccharide capsule primarily composed of glucuronoxylomannan (GXM) including the minor components glucuronoxylomannogalactan (GXMGal) and mannoproteins [27] . Cryptococcus can enlarge or thin the GXM capsule depending on environmental cues [10] . The capsule has profound antiphagocytic properties and masks underlying innate immune ligands on the Cryptococcus surface [27] . In fact, in the absence of either complement or antibody opsonization of the capsule, Cryptococcus is not ingested [28] . In addition, soluble molecules can be found associated with the capsule, which often are released or shed, such as mannoprotein species [29] [30] [31] [32] . Recently, secreted C. neoformans heat shock protein-70 (hsp70) was found to have immune-modulating properties [33•] . Cryptococcus neoformans hsp70 binds to the surface of macrophages competing with GXM, and this suggests that hsp70 recognition is through TLR4, TLR2, CD18 and/or CD14, all known receptors in the recognition of GXM [33•, 34] . Macrophage exposure to C. neoformans hsp70 results in decreased fungal killing as well as nitric oxide (NO) production and may represent a novel virulence factor. Vaccine or pharmaceutical strategies that interrupt Cryptococcus hsp70 function may be promising options for the treatment and prevention of invasive cryptococcosis.
In Vivo Intracellular Adaptation
Cryptococcus species are facultative intracellular organisms with extra-and intracellular growth phases with the ability to persist for years in infected individuals. Several recent studies highlight the ability of C. neoformans to adapt to in vivo conditions. Using an in vivo rodent model of chronic meningoencephalitis, the isolation of C. neoformans over a period of time suggests that older generations of yeast have undergone microevolution that results in enhanced resistance to stress and phagocytic killing within macrophages [35••] . Interestingly, there is an extension of this observation to human disease. Cryptococcus neoformans has been isolated from cerebrospinal fluid collected from patients with cryptococcal meningitis. Cryptococcus isolates from patients with poor clinical outcomes had enhanced ability to survive within macrophages and undergo intraphagosomal replication, supporting the possibility of in vivo microevolution and selection towards a more fit phenotype [36] . The microevolution of C. neoformans over time appears to have, in part, a molecular explanation in the composition of the capsule. Comparison of the biophysical and chemical profiles of the capsule between younger and older generations has shown uniquely distinct carbohydrate moieties. Cryptococcus neoformans isolates from later generations demonstrate enhanced antiphagocytic properties suggesting that cryptococcal capsules have a unique plasticity that allows adaptation to the host environment for prolonged survival [37] . The precise intracellular cues that govern cryptococcal microevolution through altering capsular carbohydrate composition require further investigation.
The epidemiology of cryptococcal meningitis shows infection to be more common in men. The effect of gender differences on macrophage-specific control of C. neoformans has been recently explored. Macrophages isolated from men infected with Cryptococcus were found to be more permissive for intracellular C. neoformans. Compared to female controls, male macrophages allowed higher rates of replication and had higher fungal burdens [38] , suggesting that gender-specific host elements such as hormones may play a role in modulating host macrophage fungicidal activity.
Mounting evidence suggests that evolutionary adaptation for intracellular survival developed by Cryptococcus originates from the predation by environmental organisms such as acanthamoeba (soil protozoa). Indeed, the gene expression patterns of C. neoformans following ingestion by amoeba and macrophages are similar [39••] . In fact, multiple stress gene response elements are linked to Cryptococcus-specific environmental sensors and function through common kinase signaling pathways. PKH2-02, a homolog of mammalian PDK1 kinase, in C. neoformans is required for MAPK activation in response to cell wall and oxidative stress [40] . Cryptococcal mutants lacking PKH2-02 are hypovirulent in a Galleria invertebrate model and are more susceptible to the antifungal agents fluconazole and amphotericin B than wild-type controls [40] .
While there is mounting evidence that C. neoformans has undergone evolutionary selective pressure through interactions with soil amoeba over years, it is remarkable that Cryptococcus species remain heterogeneous with a broad adaptability permitting accelerated evolutionary adaptation once faced with in vivo host conditions.
Macrophage State of Activation
The activation state of resident macrophages can influence their fungicidal activity. Classically activated macrophages generated under the influence of Th-1 CD4+ T cell cytokines such as IFN-γ have enhanced capacity to generate reactive species such as NO for intracellular killing. On the other hand, alternatively activated macrophages skewed under the influence of Th-2 CD4+ T cells secreting IL-4 and IL-13 have poor ability to contain fungal pathogen growth [10, 27] . At the tissue or organ level, a balance exists between both classically and alternatively activated tissue macrophage populations. Furthermore, recent findings demonstrate that these populations are not committed to their activation phenotype but can transition fluidly between both activation states depending on the inflammatory milieu [41•] . The use of genetic engineering to alter cytokine profiles and influence macrophage activation states for enhanced C. neoformans control has been explored. A mouse with a selective IL-4 receptor-deficient macrophage lineage using a LysM-Cre IL-4Rα system, which therefore allowed development of a predominantly classically activated macrophage population (lack of Th-2 influence), has been found to be nearly completely protected against C. neoformans pulmonary challenge with significantly reduced fungal burdens [42] . Similar to its effects against C. neoformans, enhancing classically activated macrophages also appears to be effective in controlling other intracellular pathogens such as Leishmania species through generation of reactive species such as NO [42, 43] .
IL-33 is a cytokine expressed by the epithelial cells of the lung, gut and brain, and is released in pulmonary tissue following C. neoformans infection [44•] . The effect of IL-33 on the macrophage activation state has been recently described. In wild-type mice, IL-33 results in polarization of Th-2 type CD4+ T cells and the induction of alternatively activated alveolar macrophages. IL-33 receptor-deficient mice have decreased numbers of alternatively activated macrophages and reduced hallmarks of Th-2 inflammation, specifically IgE and alveolar eosinophils. Following C. neoformans infection, IL-33-deficient mice have a lower fungal burden both locally in the lung as well as disseminated to the brain. IL-33-deficient mice show increased survival compared to wild-type mice, supporting improved fungicidal control with classically activated macrophages as the effector innate immune cells [44•] .
Cryptococcus elaborates virulence factors capable of skewing the macrophage activation state to promote survival. Laccase, an enzyme responsible for production of prostaglandin and melanin pigments from C. neoformans, has multiple roles in immune evasion [45•] . Historically, laccase was known to be crucial for the production of C. neoformans melanin pigment, which shields the yeast from killing by quenching reactive radical species [46] . Recently, laccase has been shown to be essential for the production of prostaglandins, which regulate the activation of host macrophages. Prostaglandins promote alternatively activated macrophages, and therefore promote migration and carriage of intracellular cryptococcal organisms resulting in dissemination. A laccasedeficient C. neoformans mutant demonstrates a shift towards a classically activated macrophage phenotype with increased expression of MHC class II, IFN-γ, TNF-α and IL-17A, but has decreased expression of IL-10 and IL-4 [45•]. Furthermore, laccase deficiency blocks dissemination to the central nervous system (CNS) suggesting that prostaglandinmediated Th-2 phenotype with alternatively activated macrophages is required for disseminated Cryptococcus infection.
In addition to yeast-specific virulence factors, Cryptococcus is capable of utilizing host proteins for immune evasion. Scavenger receptors recognize fungal cell wall components, specifically β-1,3-glucan, and are expressed on macrophages, dendritic cells, and endothelial cells [47] . SCARF1 and CD36, both scavenger receptors, recognize and bind C. neoformans [47] . CD36-deficient mice are more susceptible to C. neoformans infection than wild-type controls [47] . More recently, the role of the scavenger family member, scavenger receptor A (SRA), in C. neoformans immunity has been elucidated. In contrast to CD36, SRA-deficient mice infected intratracheally with C. neoformans, as a model of pulmonary C. neoformans infection, had reduced fungal burdens and improved survival [48] . Analysis of cytokines from lungs of Cryptococcus-infected SRA-deficient mice revealed lower levels of IL-4 and IL-13. There was also a reduction in eosinophil numbers and levels of IgE. In fact, the upregulation of Th-1 CD4+ type cytokines in SRA-deficient mice suggests that classical activation of macrophages is favored compared to alternatively activated alveolar macrophages [48] . The mechanisms responsible for SRA-dependent skewing of the macrophage activation state do not appear to involve direct fungal interaction and require further investigation.
Novel approaches to immunologically "mimic" Th-1 type activation and favor the induction of classically activated macrophages have led to a dramatic improvement in survival and reductions in fungal load. Using a C. neoformans strain that autonomously produces IFN-γ H99γ in a pulmonary mouse model has demonstrated absence of alternatively activated macrophages, but instead elevated expression of iNOS, IL-17, and IFN-γ [49•] . Impressively, the use of H99γ results in near sterilization of fungal burden compared to wild-type C. neoformans [49•] , highlighting a potential therapeutic strategy to prime the classically activated macrophage population for pulmonary fungal elimination.
Macrophage Phagocytosis and Phagosome Maturation
The Cryptococcus capsule is well known to possess antiphagocytic properties. In fact, in the absence of opsonization with either antibody or complement, the phagocytosis of C. neoformans by phagocytes is quite poor [27] . There are several theories as to why the capsule prevents phagocytosis, including continued shedding of capsule components therefore inhibiting firm capture and engulfment at the macrophage surface. Another possibility is capsule concealment of fixed ligands such as mannans or β-glucans from receptors such as the mannose receptor or Dectin-1, respectively [27] . In support of this concept is the observation that acapsular mutants are readily phagocytosed in the absence of opsonins. Other modifications of the Cryptococcus capsule, such as galactofuranose, appear to have no effect on phagocytosis or virulence [50] . Rare populations of Cryptococcus termed titan cells, often measuring up to 100 μm in diameter, are formed in infected hosts [51] . The enlarged size of titan cells was thought to prevent engulfment, but cross-resistance to phagocytosis of smaller cryptococci and even inert beads has been demonstrated, suggesting that titan cells modulate the host immune repertoire [52] .
Once phagocytosed, an ingested Cryptococcus is placed into a subcellular organelle termed a phagosome that is formed through the invagination of the surface membrane. The phagosome is a dynamic compartment in which continued pathogen sensing and sampling occurs. Recent work suggests that the Toll-like receptors (TLR) including TLR-9 and tetraspanins (CD63, CD82) are recruited to the phagosome for pathogen-sensing purposes through an as-yet undefined mechanism [53] [54] [55] . Unlike other phagocytes such as neutrophils, macrophages do not rely heavily on reactive species for killing, but instead use acidification and degradative enzymes to achieve pathogen elimination. Phagosome maturation is a process that recruits the host machinery to the phagosome such as lysosomes to produce an acidified, enzymatically contained compartment in which fungicidal activity occurs [56, 57] . In contrast to the strategies of facultative intracellular pathogens such as Candida glabrata, Mycobacterium tuberculosis, or Coxiella burnetii for inhibiting phagosomal function, C. neoformans does not interrupt phagolysosomal maturation, but has evolved to survive in the harsh environment of the phagosome [10] .
Host macrophages and Cryptococcus both utilize metals for survival and biologic function. Iron is critical for C. neoformans survival. Cig1 an extracellular Cryptococcus mannoprotein has hemophore activity assisting with heme uptake. Loss of Cig1 results in attenuated Cryptococcus virulence [58] . Copper has antimicrobial properties and is concentrated in macrophage phagosomes. Recent studies have shown that C. neoformans has the ability to detoxify copper through the use of metallothionein proteins, which results in increased host expression of the macrophage phagosomal copper transporter, Ctr1 [59••, 60] . Cryptococcus strains lacking the ability to upregulate copper detoxifying proteins have attenuated virulence properties [59••, 60] .
The histopathology of disseminated Cryptococcus demonstrates that yeasts often replicate as cryptococcomas or collections of fungi in the extracellular space, raising the question of cryptococcal escape from macrophages. Cryptococcus can kill and directly rupture host phagocytes but evidence of nonlytic escape from macrophages has been reported. Nonlytic escape appears to be dependent on specific phagosomal conditions such as pH [61, 62] . Recent studies have suggested that the Fig. 1 Scanning electron micrograph of a macrophage interacting with synthetic fungal-like β-glucan particles (spheres, two visualized on the surface) following brief incubation period (authors' unpublished data) autophagy pathway, a process involved in the recycling of host proteins and organelles but implicated in host defense against pathogens, may affect nonlytic escape. Macrophages with reduced expression of ATG5 (autophagy-related 5), one of several major constituents in the formation of the autophagosome, show impaired ability to phagocytose C. neoformans [63] . Mice deficient in ATG5 have fewer alternatively activated macrophages, indicating that the autophagy pathway plays a role at multiple points in the Cryptococcus-macrophage interaction. Other evidence shows Cryptococcus serotype-specific interference with host macrophage signaling pathways, specifically NF-κB, resulting in decreased macrophage proliferation by affecting the cell cycle in the S and G2/M phases as well as induction of apoptosis [64] .
The molecular mechanism of cryptococcal dissemination from the lungs remains unclear. Cryptococcus species may require phagocytosis and intracellular transport in macrophages to permit extrapulmonary dissemination as well as to cross the tightly regulated blood-brain barrier. Indeed, these macrophage "vectors", or Trojan horses, appear to be alternatively activated not classically activated macrophages. In support of this hypothesis is the involvement of pulmonary surfactant, an opsonizing immune molecule found in healthy lungs, indicating that surfactant-mediated uptake of Cryptococcus by macrophages is crucial for virulence. Mice deficient in surfactant protein D (SP-D) and challenged with pulmonary C. neoformans have lower fungal burden, and improved survival [65•] . The addition of exogenous surfactant at the time of cryptococcal challenge restored virulence, suggesting that C. neoformans uses host surfactant as a virulence factor. SP-D-treated Cryptococcus is efficiently phagocytosed suggesting that the yeast uses SP-D to promote uptake and intracellular carriage [65•] . Despite data supporting a macrophage vector system, a recent study using a mouse brain transmigration assessment with tagged C. neoformans demonstrated that Cryptococcus itself is capable of transcellular migration into the CNS, raising the possibility that both macrophage-dependent and macrophage-independent routes of entry to the CNS occur as part of invasive cryptococcal pathogenesis [66] . Cryptococcus elaborates a number of virulence factors that make it well suited to intraphagosomal survival allowing the use of phagocytosis for extrapulmonary dissemination.
Future Studies
The interaction between tissue macrophages and cryptococcal species is complex. The ability to decipher the precise molecular mechanisms responsible for (1) the surface receptor interactions, (2) the protein repertoire recruited to Cryptococcus-containing phagosomes, (3) the steps leading to intracellular elimination versus escape, and (4) the virulence factors resulting in classically or alternatively activated macrophage phenotypes will be critical to developing more effective antiCryptococcus therapies. A major barrier to achieving these goals is the complexity of the host-pathogen interactions. Not only is the capsule composed of complex dynamic carbohydrate structures, but one must account for the secreted virulence factors, and microevolution of the pathogen. One proposed strategy is to utilize a bottom-up approach and generate fungal pathogens with defined surface glycoepitopes from fungal cell walls. This technique has been recently used to synthesize fungus-like particles that mimic the size and shape of Candida albicans. Macrophages recognize the fungal particles as they would C. albicans, producing inflammatory cytokines and undergoing normal phagolysosomal maturation (Fig. 1) [67•, 68] . It is certainly possible to mimic other fungal pathogens including C. neoformans, which would allow the microscopic visualization and biochemical evaluation of the interactions of capsular components with host cells in a stepwise fashion. Another approach is to use genetically modified fungal strains (a top-down strategy), although this method also has limitations because certain fungal components are essential for viability. Given the intricacy of host-fungus interactions, it is clear that multiple complementary scientific approaches are required to dissect the complexity of macrophage-Cryptococcus interactions.
